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ABSTRACT

A 2-bay SIR-C Antenna Core Structure
(Acs) hae been utilized to verify the
strength of the SIR-C structural

design. Five |oading configurations
were applied to assure that nany SIR-
C ACS memberswere | oaded up to nore
than 1.25 times the predicted flight

limt |oads. The approach,test set-—
up, test procedures,testing resu-
lts,and post-test eval uation are de-

scribed in this paper.No structural

failures were observed fromthe SIR-C
static test.Testing results Were also
aPpIied to update the SIR-C finite
el ement nodel in order to provide a
better test/analysis correl ated nodel

for the SIR- C nodal survey and final
coupl ed loads analysis.Analysis and
conponent tests were al so conducted
to verify that the joints of the sir-
C etructure were tested to the quali-

fication levels W thout any failures.

| NTRODUCT| ON

As the scientific use of radar data
has becone more sophisticated, the
science potential of nultifrequency
and nultipolarizaiton data has becone
clear. Nasa‘s Shuttle |maging Radar-C
(SIR-C) repreeente a significant etep
forward in the evolution of active
radar renote sensing for the investi-
gation of the Earth as an integrated
system. SIR-C is the first spacebo-
rne high -resolution imging radar to
?rovide mul tipolarization capability.
t offers the first opportunity for
sinul taneous rmultifrequency radar
i magery of the Earth from space as

wel | as uses a high-efficiency dis-
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tributed antenna array.
the SIR-C missions Wi ||l serve as a
test-bed for several other innova-
tions inportant in the devel opnent of
the Synthetic Aperture Radar(SAR) to
be flown on the Earth Observing sys-
tem (Eos) pol ar platforms in the late
1990s.

In addition,

The SIR-C missions are a cooperative
venture featuring the NASA devel oped
SIR-C and an X-sAR devel oped through
joint collaboration with Dornier and
Alenia Spazio Conpanies for the Cer-
man space agency,Deutsche Agentur
fuer Raunfahrtangel egenheiten (DARA)
(and the Italian space agency,Agenzia
Spaziale Italiana(ASI). An Interna-
tional team of 49 principal inves-
tigators and three team associates -
fromunivereitiee, governnent agen-
cies, and induetry in 13 countries
around the world, will be working in
the broad range of disciplines that
can benefit from the SAR data.

The SIR-C Antenna Mechani cal system
(aMs) has been designed and fabricat-
ed by Nasa‘s Jet Propul sion Laborato-
r% in Paeadena, California (Fig. 1).

The SIR-C AMS is composed of three
maj or  structural conponent : t he
Antenna Core Structure (acs), the
Ant enna Trunni on Structure (ATS), and
t he X-sArR Support Structure (Xss).
The ACS provides a flat 3.5 neter by
12 neter mounting surface for the L-
band and C-band radar array panels.

The ATS ties the ACS to the Shuttle
in a way that satisfies shuttle trun-
nion load-limtations and ACS nount -

ing needs. The XSS provides a flat
0.5 nmeter by 12 meter nmounting sur-
face for the X-band radar array pan-

els. The XSS is hinged to one edge
of the ACS and controlled in tilt
érotation about x-axis) by a "tri-

rive" actuator, and output crank,
and a connecting strut.



Fig. 1 SIR-C aMs Structural

as specified in the “SI R C Ant enna
Mechani cal System (amMs) Structural

Verification Plan,” (rRef.1), static

test of a 2-bay ACS nodul e was requi-
red to verify the strength of a rep-
resentative section of the SIR-C AMS
structure. This 2-bay ACS nodul e
(Fig.2) has been selected for the
SIR-C static test because it contains
the nost highly |oaded ACS menbers,

joints, and the x-axis shear panel.

The objective of this static test is
to denonstrate the structural integ-
rity of the "SIR-C AMS. Particularly,

strength of |low margin nmenbers and
representative joints were verified
through the static test. In addi -
tion, results Of static test were
applied to verify the stiffness and
loads distribution predicted by the
“finite el ement nodel” which was ap-
plied in the SIRC coupled |oads
analysis. Details of the SIR-C
static teat setup, approach,and teat
procedures are described in Ref.2.

The testing results and test/analysis
correlation are thoroughly discussed
in Ref.3.

TEST SETUP

G ound support Interfaces

The 2-bay ACS nodul e were tied down
to the floor through the keel menber
and two 3 X 3 longerons at the cor-
ners Oof the test article. The 3 x 3

Al. longeron was held by 4 one-inch
steel angles with two 3/4 inches
steel bolte in doubl e shear. Each

angle was bolted down to a two-inches
thick steel plate with two 3/4 inches
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steel bolts. The base steel pl ate
was then bolted to the ground with at
least three 1 1/8 inches anchor steel

bolts. Simlar steel angles were used
in the keel interface. All the steel
bolts, angles, and base plates were

designed to have a mnimum safety
factor of 3.5 on yield.

Load Linkage and Mi nt ai ner

Five hydraulic rams were used in the
test to apply loads.Two rams (each
has 50 Kips |oading capability) with
load cells were used to apply |oads
to the shear panel (attached to the
keel menber) against the ground.

Anot her two 20-Kips ranms and one 5-
ki ps ram were applied to connect the
top of C-band I ongeron and L-band
longeron to the test tower interfac-

es. The 1inkages incIudinP the ram
and load cell were proof [oaded to
1.5 tines the test apply loads prior
to the actual test. The end attach-
ments (brackets/lug) are designed to
have a mnimm safety factor of 3.5
on yield

The Edi son Load Maintainer was used
in SIR-C static test to control the
| oadi ng processes. Five out of the
ten avail abl e channels were used for
the static test. All the hydraulic
| ines connected to the hydraulic rams
fromthe |oad maintainer were bled
rior to the test |oad application.
ach wei ght basket was individually
calibrated for every specific |oad
application.

Instrumentation




Phase | load application for a par-
ticular teat configuration was up to
60% VLL (validation linmted load) in
three 20% VLL increnments. The valida-
tion linmt load is defined to be 1.25
times the limt |oad. Then the |oad
was reduced to zero and test was
hal ted while the neasured data were
eval uat ed. Prior to the phase II
| oadi ng procedure, the teet limts on
hi ghl y | oaded menbers were reset for
the bar chart display based on the
measurenents fromthe phase | tests.

In the phase || | o0ad application
| oads were applied to 60% VLL first
and then be maintained at the 60%
while all significant testing |oads
and predictions were verified to be
within 5% of the expected val ues.
Once this was acconplished, the teat
then proceeded to 100% VLL. Dat a
were taken at every 10% i ncrenents

570% 80% 90% and 100% of VLL)
uring this phase |1 | oading proce-
dure

Linit Contro

Two levels of limt control were used
in the Data Acquisition System (DAS)
to provide an automatic test shutdown
feature. Limt control levels were
established after the phase | |oading
and introduced into the DAS for the
phase || test. The first linit con-
trol was set at 104% of the expected
VLL with an audio alarm The second
limit control was set at 108% of the
expected VLL with a hydraulic dunp

feature. During the phase Il test,
most of the critical menbers had both
l[imt controls. However, the hydrau-
lic rans had only the level Il limt

control and they were verified with
the correct |oad naintainer bal ance
arm wei ghts and pressure relief valve
settings prior to the actual test
| oad applications. In addition, a
manual 'y operated switch was instal-
led in order to trigger a hydraulic
dunp in case of any energencies.

Loading Confiqurations

Five loading configurations were
selected to apply the external loads
inthe SIRRC static test. The first

| oading configuration (Figure 3.1) is
the x-axis |oading. Two jacks push
t he shear panel in the x-axis with 28
Kips from each jack. Anal ytica

results indicate that 3 longerons and
one batten will be l|oaded up to nore
than the validation linmt |oads. The
second | oading configuration is a y-

axis bending configuration (Figure
3.2). The teat article were pulled
in the same direction (z-axis) at the
top of the corner longerons. One 3-D
batten and 2 2-D battens were | oaded
uE to nore than the expected VLL.

The applied | oads of this |oading
configuration are 2330 (lbs) from
each jack. The third loading config-
uration is a z-axis bending configu-
ration (Figure 3.3). The applied

load is fromthe jack (11.4 Kips)
| ocated at the top of the L-Band

. . direction (y-
This | oading configuration

| ongeron in the latera
axis

(4) X-Axi s Torsion

(5)Combined Loading

Fig. 3 Loading Configurations of
SIR-C Static Test

devel ops higher loads mainly in the
2-D nmenbers. Anal ytical prediction
indicates that 8 2-D menbers will be
loaded up to nore than the expected
VL. The fourth |oading configura-
tion iS a x-axis torsion configura-
tion (Figure 3.4). Thi s configura-
tion is simlar to the second | oading
configuration except that |oads ap-



plied to both jacks are in t he oppo-
site directions. Three nenbers are
expected to be |oaded up to nore than
the v, The fifth |oading configu-
ration is a conbined | oading (Figure
3.5). It consists the x-axis | oads
fromtwo big jacks (32 Kips each),
the uneven z-axis loads on the corner
longerons (2200 1lbs and 2450 1bs),
and the y-axis lateral load on the L~
band | ongeron top (600 1bs). More
than 7 nenbers are expected to be
| oaded up to nore than the VLL and
several other menbers are expected to
be | oaded up to very close to the
VLL .

RESULTS AND DI SCUSSI ON

Thorough examination on the test
article, particularly Jjoints, was
conducted after the conpletion of the
final test (No. 5). No structura

failures were observed. However

permanent sets of rivets in a nunber
of joints were noted fromthe visua

i nspecti ons. Two types of rivet
el ongation were observed as shown in
Fi gure 4. The first type is the
rivet head separation fromthe joint
pl ate éup to nore than 0.01") and the
second type is the gappi ng bet ween
joint plates (up to nore than 0.02").

0. 25" 0.004”-0. 010"

0.004"-0. 020"
Fig 4 Types of Rivet Yield

No audible “pop“ was heard during
tests No. 1 through No. 4. However,

two “ pop* sounds were heard during
teat No. 5. The first “pop” occurred
during the |oading procedure from 60%
VLL to 70% VLL. The second “pop” was
heard when the test article was being
| oaded from 90% VLL to 100% VLL. The
suspected “pop” rivets were identi-

fied. Although the rivet elongation

of these two rivets are large (0.01-
"y, the shear carrying capability of
these two rivetes are considered to be
intact (rivets were not broken and
could not be pulleda out by nechanical
neans) Detail joint analyses and
joint tests are addressed in later
Section.

Loads distribution of the test arti-
cle was verified by using strain
gages. 36 |/4-bridge strain gages
were used to nmeasure the axial forces
of selected nmenbers and 12 1/2-bridge
strain gages were applied for the
moment  neasurements. Resul ts of
| oads distribution fromthe 5 |oading
configurations are thoroughly sunmma-
rized in Ref.3. The conparison be-
tween the predictions and the nea-
surements I ndicates that very good
correlations are observed for the
axi al forces. However, the nonent
conmpari sons suggest that the end
conditions of some nenbers required
to be nodified. Detail nodel nodifi-
cations are discussed in next Sec-
tion.

The stiffness conparisons are con-
ducted by using the measured defl ec-
tions fromthe LvpTs. A typical |oad
va. deflection plot fromthe first
| oading configuration 4is shown in
Figure 5. It includes both the Phase
| and phase Il results for the grid
point No. 3032-z ae shown in Figure
2. Two curves from the phase 11
tests are shown in Figure 5 since the

first phase Il was dunped at 99% VLL
due to the inproper limt control
Testing results indicate that the

test article is nonlinear,
larlr at the higher load levels. It
is also noted that permanent deflec-
tions are neasured after the unload-
ing. It is interesting to note that
the structure behaves much nore |in-
early at the second tinme of |oading.

For instance, the phase | |oad/def-
lection curve of the arid No. 3032 is
very nonlinear, but the first phase
11 | oad/deflection curve is very
linear up to the 60% of the VLL.

Nonlinearity of the firet phase II

test starts at 70% VLL. However,the
second phase || |oad/deflection curve
is fairly linear because the first
phase Il 'test was | oaded up to 99
VLIL. Simlar results are observed
from |l oading configuration 2 to 5.

The discrepancy becones nore signifi-
cant (percentage wi se) as the tests
are proceeded. Large displacenents
(rmore than 0.33") were neasured in
the test of |oading configuration 5.

particu-



This is believed due to the rivet
yield fromthe previous |oading con-
figuration. However, the |oad dis-
tribution neasurenents of thie case
still correlated well with the pre-

di ctions.
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Fig. 5 Load/Defl ection curves

MODEL CORRELATI ONS

as nentioned above, the neasured
nmonents of selected menbers do not
correlate well with those predicted
fromthe finite elenent model. Par-
ticularly, moment measurements Of
menbers No. 3543 and No. 3006 had
t he biggest di screpancy. The smal |
monment s nmeasured from menber No. 3543
(3-D diagonal) in all 5 |oading con-
figurations suggest that the end
conditions of the 3-D joints should
be pin type joints in both bending
axes. The |arge discrepancy of the
menber No. 3006 al so suggests that
the pin flag used in the finite ele-
ment nodel is not adequate for the 2-
D vertical cross nenbers. Proper end
condition for these nembers should be
rigidly connected. Table 1 shows
that the moment correlation wae im
proved significantly when these end
conditions were nodified in the fi-
nite el ement nodel. Results also
indicate that thie nodified finite
el ement  nodel ﬁrodees very good
predictions on the axial forces.

Table 1 Loads Correlations from Se-
| ected Menbers

El enent Test Predi ctions

N o . Result (A) (B) (C)
3003~ 7076 7011 7152 7197
3002* 6400 6438 6310 6404
3001* 5912 6051 5786 5938
3000* 5977 6556 6115 6269
3020* 9525 9857 9895 9788
3535* 33551 29594 29547 29635
3538 -11678 -12822 -12853 -12848
3556* 15576 13646 13602 13487
3528* 6011 6797 6271 6468
3527* 6191 6852 6533 6740
3526* 7791 8297 8189 8157
3525* 14698 15971 15859 15903
3543 - 8538 -9754 -9120 -9381
3541* -5190 -5640 -5331 -5667
3547* 16056 16457 16400 16668
3550* 11490 12507 12419 12506
3549* -11628 -12581 -12498 -12536
3526** 609 258 332 1064
3543** 6 876 748 0
3006** 2731 351 1961 2027

* Straln gages for axial forces(lbs)
**Straln gages for bending noments
I b-in ’

gA):Ori;inal finite elenent node
(B):Modified nmodel with rigidly con-
nected ends for 2-D vertical menbers
(C):Model (B) with pinned ends for
all 3-D nenbers

In order to obtain a better stiffness
correlation for the finite el enent

nodel used in the nodal test correl a-

tion, the stiffness of the 2-D mem-
bers and the 3-D nenbers are reduced
to account for the rivet joint flexi-
bility by reducing their nodulus of
elasticity. Based on the neasured
di spl acenent obtained from the 20%
| oading of the first |oading configu-
ration, the stiffness of the 3-D
menbers should be reduced to 81%

Simlarly, based on the results from
the | oadin configuration 3, t he
stiffness of the 2-D nmenbers shoul d
be reduced to 67% Table 2 indicates
that reducing the stiffness of the 2-
D nmenbers only affects the deflec-
tions nmeasured in | oadi ng confi gu-
ration 3. It is also noted that the
stiffness of 3-D nenbers do not af-
fect the deflections devel oped in
| oadi ng configuration 3.  Table 2
shows that better correlations are
observed if these stiffness reduc-
tions are incorporated in the finite
el ement nodel . It is also noted that
the stiffness nodification does not
affect the axial force correlation.

However, the nmonment correlation is
slightly influenced . In addition



due to the conpact
band longerons and battens,
ments of
rons and battens are increased 40%to
reflect the contribution of the joint

joints of the C-
_ t he no-
inertia of the C-band longe-

plates. It is noted that this nodi-
fication only slightly affects the
loads di stribution and deflections.

Table 2 Stiffness Correl ati ons of
SIR-C Static Test (in.)

LVDTs 3032-z 3003-Y 3003-z
Test 0.211 0.011 -0.190
Model (A) 0.161 -0.005 -0.187
Test Model (C) 0.163 -0.005 -0.183
Config. Mdel (D) 0.166 -0.006 -0.197
1 Model (E) 0.204 -0.006 -0.238
Mdel'[F) 0.204 -0.006 -0.237
Test -0.083 0.018 0.174
Model (A) -0.044 0.017 0.121
Test Model(c) -0.044 0.017 0.120
Config. Mdel (D) -0.044 0.020 0.131
2 Model I? -0.053 0.024 0.156
Mdel [F) -0.053 0.024 0.156
Test 0.084 0.187 0.171
Model (A) 0.069 0.0830.087
Test  Mbdel ﬁC) 0. 069 0.083 0.086
Config. Mode éD) 0.086 0.103 0.107
3 Model ( |2 0.102 0.122 0.128
Model (F) 0.102 0.122 0.128
Test 0.103 0.056 0.193
Model (A) 0.062 0.040 0.140
Test Model (% 0.062 0.040 0.139
Config. Mdel (D) 0.069 0.050 0.156
4 Model (E) 0.083 0.060 0.186
Model (F) 0.083 0.060 0.185
Mbdel s (A) and (C) are described in
Table 1.
Model (D):Model (C) with 2-D nenbers’

stiffness reduced to 80%

Model (E):Model (C) with 2-D menbers’
stiffness reduced to 67% and 3-D
menbers’ stiffness reduced to 81%
Model (F):Model (E) with 40% in-
creased nonments of inertial for c¢-
Band longerons and battens.

All these nodification have been
incorporated in both the "static test
finite element nodel” and the “flight
finite element nodel,” which are used
to verify the static teat results and
nodal test correlations(Ref.4).

JO NT EVAL UATI ON

Large deflections and pernmanent sets
observed in the SIR-C static test are
consi dered to be due to yielding of
rivet joints. Therefore, detail in-
vestigations of the joints subjected
to the testing | oads were conducted

in order to obtain a better under-
standing of the joint |oads during
the tests and the individual rivet
| oads of these joints.

The members of the SIR-C test article
can be categorized to be 8 kinds of
menber/joint connections and the keel
member, as shown in Table 3. The
maxi mum flight limt |oads and the
maxi mum testing loads from the 5

| oading configurations are summarized
in Table 3. It indicates that the
joints, which connect the L-band
Table 3 Maxi mum Joint Loads of SIR-
C Static Test(lbs)

Member / Max i num Max i mum
Joints Limt load Test Load
Longeron,L 10804 9525 (1)
Longeron,C 6540 7311 (3)
Batten,L 2787 5220 (3
Batten,C 2223 2780 (2
Diagonal,L 5945 7345 (3
Diagonal,C 3017 2878 (3
3-D Chord 16578 16026 (5
3-D Diagonal 18991 20962 (5
Keel Menber 32992 37342 (5

Nunbers in ( ) are the |oading conf-
igeration nunbers

batten, L-band diagonal, and the c-
band batten were tested to equal to
or nmore than the maximum validation

limt loads (1.25 times flight limt
loads) . It I's also noted that other
types of joints are tested to the

load levels which are close to the
maxi mum flight limt |oads.

In order to evaluate the rivet |oads
of the joints fromthe SIR-C static
test, the nodified finite el enment
model was applied to derive the forc-
es and monents of the investigated

joints. Four kinds of joints are
eval uated in this study. Maxi mum
| oads generated from all 5 test

configurations were applied in these
joints. Finite element nodels were
established to investigate the rivet
| oads of various rivet patterns of
t hese H oints. Resul ts of maxi mum
rivet [oads of these joints are sum
marized in Table 4. Results indicate
that the maxi mumrivet |oads generat-
ed fromthe static test are |ower
than the design ultimate rivet |oad
(2215 1bs in single shear) and very
close to 1.25 times the design limt
| oad of the rivets (1064 1bs).




Table 4 Maxi num R vet Loads Est ab-
lished in SIR-C Static Test (lbs)

El ement Max. Rivet

Joi nt _Type No. Load
3-D Diagonal 3547 2760*
C-Band Longeron 3003 1057
L-band Longeron 3020 1061
2-D Di agonal 3601 568(1412**)

* Doubl e Shear
**I'ncluding warping effect

It should also be pointed out that
the menbers used in the SIR-C static
teat article are the discarded spares
fromthe flight hardware. Two of the
members,a 2-D di agonal nmenber and a
2-D L-band batten, were identified to
have nore than 1/4” warps. Stress
analysis i ndicates that the maxi mum
rivet | oads of these two jointe are
1408 (1bs) and 1412 (1bs), respec-
tively (based on the assunption that
the warp is 1/4"). These rivet |oads
are also |l ower than the design ulti-
mate | oad and higher than 1.25 tines
the design linmt |oad.

JO NT TEST

Two types of joint tests were con-
ducted to validate the strength of
rivet joints used in the SIR-C struc-
ture application. ‘l"he first test is
to validate the rivet's wultimte
stren?th by using the |NSTRON machine
to pull single shear sanples. Test-
i ng results froma nunber of tests
indicate that the ultinmate strength
of these rivets is 2550 1bsg, which is
hi gher than the design ultimate rivet
| oad provided from the manufacturer
(2215 1bs). Typical results of sin-
gle shear tests indicated that perna-
nent sets were devel oped after the
tests were unloaded. The |oad/defle-
ction curves are nonlinear. However,
if the sanple was rel oaded to the
sane load level, the |oad/deflection
curve of the second | oading case is
very linear and its permanent set is
much smal | er. Simlar behavior was
observed in the SIR-C static test (as
di scussed in previous Section).

The second test is of a conplete
joint under cyclic load. The rivet
pattern of the tested joint is shown
in Figure 6. The total a?plied | oad
is based on the design limt |oad
(19,000 1bs for 22-rivets joint).
““he loading rate is 1 cycle per sec-
ond., Results indicated that this
joint failed at 2888 cycles, which is

very close to 4 tines the design
limt |load cycles for the planned
life of SIR-C mission (736 cycles
from nodal test, transportation,
ferry flight and 3 m ssions). Thi s
design limt load cycle (Ref. 5) is
considered to be very conservative

Fig. 6 Rivet Pattern of the Joint
Subj ected to Cyclic Test

SUMVARY

The strength validation of the SIRC
Ant enna Core structure(aAcs) had been
acconplished by loading selected
menmbers to nore than 1.25 tines
flight limt |oads (derived from con-
servative |oads analysis by using the
Mbdal Mass Accel eration Curve). No
structural failures were observed
from all | oading configurations.

Measured defornmations were |arger
than those predictions, but these
kinds of deformations were consistent
with a nulti-joint riveted structure
and they were not detrimental.Testing
results indicate that the neasured
axial forces of the test article
agree very well (nost critical mem-
bersare within 10% wth the predic-
tions fromthe finite el enent nodel

Better nonent correlations have been
achi eved by nodifying the end condi-
tions of some nenbers in the finite
el ement model.In addition, the stiff-
ness of menbers were al so reduced,
according to the testing results at
20% of the maxi mum applied |oads, to
account for the joint flexibility due
to the rivet hole clearance and vyiel-
di ng. All these nodifications were
incorporated into the verification
| oads model.The strength of the
joints was also verified by both



